Introduction
Enzymes catalyze biological reactions using a variety of ionizable groups functioning as electrophiles, nucleophiles, or general acid/base catalysts. As a result, the pH-dependent activity of an enzyme is set primarily by the pK a values of one or a few key ionizable groups within its active-site cleft. A long-standing challenge is to de®ne experimentally and theoretically the factors that establish the precise pK a values of these catalytically essential groups along a given reaction pathway and thereby set the conditions of pH under which an enzyme is maximally active. A better understanding of these factors will also aid in the engineering of enzymes with tailored pH optima.
The low molecular mass xylanases (Gilkes et al., 1991) provide a fascinating example of how the pH-dependence of enzymatic catalysis can be modulated within a family of retaining glycosidases. Members of endo-b-(1,4)-glycosidase family 11 (or G) derive from both eukaryotic and bacterial species and share sequence identity varying from 40-90 % (Torronen et al., 1993; Torronen & Rouvinen, 1997) . All members of this family studied to date have strikingly similar three-dimensional structures and active-site geometries (Torronen & Rouvinen, 1997) . In particular, they all contain two catalytically essential glutamic acid residues that are involved in an intricate network of hydrogen bonds contributed by highly conserved neighboring residues (Torronen & Rouvinen, 1997; Wakarchuk et al., 1994) . One catalytic glutamic acid residue functions as a nucleophile and the other as a general acid/base catalyst in a double-displacement mechanism whereby hydrolysis of xylosidic substrates proceeds with retention of anomeric con®guration (Gebler et al., 1992; Koshland, 1953; Sinnot, 1990) . In spite of all these similarities, the pH optima of family 11 xylanases vary widely from acidic values as low as 2 to alkaline values as high as 11 (see Table 6 ).
A comparison of the sequences of these low molecular mass endo-b-(1,4)-glycosidases reveals a striking correlation, in that the residue hydrogen bonded to the general acid/base catalyst is asparagine in so-called``alkaline'' xylanases, whereas it is aspartic acid in those with a more``acidic'' pH optimum (Torronen & Rouvinen, 1997) . This seems counter-intuitive, since it might be expected that placement of a negatively charged residue next to the acid/base catalyst should electrostatically elevate its pK a and raise the pH optimum of the enzyme to a more alkaline value. Nevertheless, this correlation has been con®rmed by mutational analysis of Aspergillus kawachii xylanase C, in which the single substitution of Asn for Asp at this key position dramatically elevates its pH optimum from $2 to 5 (Fushinobu et al., 1998) . Several studies of these family 11 xylanases have led to proposed mechanisms by which this paradoxical effect may be manifest (Fushinobu et al., 1998; Krengel & Dijkstra, 1996) , though none of these explanations has been entirely satisfactory.
In order to understand how the substitution of a single amino acid residue can modulate the pH optimum of an enzyme, we have focused our attention on the``alkaline'' xylanase from Bacillus circulans (BCX) (Sung et al., 1993; Wakarchuk et al., 1992) . This 20.4 kDa protein has been characterized extensively using a wide range of structural, spectroscopic, and enzymatic techniques, and is thus an excellent model system for investigating the factors that establish the pH-dependence of the activity of a retaining glycosidase (Birsan et al., 1998; Lawson et al., 1996 Lawson et al., , 1997 McIntosh et al., 1996; Miao et al., 1994; Sidhu et al., 1999) . The active site of BCX is composed of several highly conserved residues arranged to form an intricate network of hydrogen bonds surrounding two catalytically essential acidic residues, Glu78 and Glu172 (Wakarchuk et al., 1994) . Previous studies have determined that Glu78 functions as the nucleophile, while Glu172 is the general acid/base catalyst (McIntosh et al., 1996; Miao et al., 1994; Sidhu et al., 1999) . The NMR spectrum of BCX has been assigned (Plesniak et al., 1996b) and the pK a values of all of the carboxyl (Joshi et al., 1997; McIntosh et al., 1996) and imidazole (Plesniak et al., 1996a) groups have been determined. Speci®cally, the pK a values of Glu78 and Glu172, measured directly using 13 C-NMR spectroscopy, are 4.6 and 6.7, respectively. These values are in close agreement with those determined from the bell-shaped pH-activity pro®le of this enzyme and thereby provide a straightforward explanation for its observed pH optimum near 5.7 (McIntosh et al., 1996) .
In this study, we have substituted the asparagine residue (Asn35), adjacent to the general acid/base catalyst Glu172 in BCX, with an aspartic acid residue. As predicted by sequence comparisons, this substitution led to a pronounced decrease in the pH optimum of the enyzme to 4.6. We have thoroughly investigated this phenomenon, combining kinetic studies using synthetic aryl b-xylobioside substrates, site-speci®c measurements of the pK a values of catalytic groups by 13 C-NMR spectroscopy, electrospray mass spectrometry (ESMS), and X-ray crystallographic structure determination. Integrating these analyses, we propose a detailed mechanism to explain the dependence of the pH optima of family 11 xylanases on the nature of the group adjacent (Asn or Asp) to the acid/base catalyst.
Results pH-dependent activity of N35D BCX
Comparison of the pH-dependence of the second-order rate constant, k cat /K m , for the hydrolysis of orthonitrophenyl b-xylobioside (ONPX 2 ) by WT and N35D BCX reveals that the point mutation causes a pronounced shift in the pH optimum of this enzyme from 5.7 to 4.6 and an increase in its activity by $20 % (Figure 1 ). Therefore, a single substitution at position 35 leads to a decrease in pH optimum by 1.1 units. This is consistent with previous studies of family 11 xylanases where there is Asp at position 35 for those with aǹ`a cidic'' pH optimum, and Asn for those functioning with an``alkaline'' pH optimum (Fushinobu et al., 1998; Krengel & Dijkstra, 1996; Torronen & Rouvinen, 1995) .
The activity pro®le of N35D BCX is characterized by an acidic limb that follows an apparent pK a of 3.5 and a basic limb that follows a pK a of 5.8 when ®tted to a model involving two ionizable sites. This is noticeably different from the pHdependent activity of WT BCX, whose pro®le is characterized by two ionizations with apparent pK a values of 4.6 and 6.7 for the acidic and basic limbs, respectively. Previous studies of WT BCX have shown that the group that ionizes with a pK a of 4.6 is the nucleophile Glu78, while that with a pK a of 6.7 is the general acid catalyst Glu172 (McIntosh et al., 1996; Miao et al., 1994; Wakarchuk et al., 1994) . Extrapolation to N35D BCX would lead to the erroneous prediction that Glu78 has a pK a of 3.5 and Glu172 has a pK a of 5.8 in this mutant protein (discussed later). However, on the basis of the structure, this is counter-intuitive. The presence of Asp35 might be expected to either not change (in the case of a neutral aspartic acid residue), or to elevate (a negatively charged aspartic acid residue) the pK a of the neighboring Glu172, relative to that found in the WT protein with Asn35, and thus shift the pH optimum to a more basic rather than to a more acidic value.
Structure of N35D BCX
The crystal structure of N35D BCX was determined at pH 7.5 to a resolution of 1.55 A Ê with an R-factor of 19.4 % (Tables 1 and 2 ; Figure 2 ). This structure is highly similar to that of WT BCX (Wakarchuk et al., 1994) , with an overall r.m.s. deviation of only 0.23 A Ê for all atoms between these two models. Upon detailed inspection, it is seen that the side-chain of Asp35 adopts approximately the same conformation as that of the WT Asn35, differing only in the w 2 dihedral angle by a rotation of $16
. A small rotation in w 3 ($8 ) of Glu172 is also observed. Correspondingly, the distance between Asn35 N d2 /Asp35 O d2 and Glu172 O e2 increases very slightly from 3.1 A Ê in WT BCX to 3.2 A Ê in N35D BCX due to the amino acid substitution at position 35 (Table 3) (note, as shown below, at pH 7.5, Asp35 is negatively charged and Glu172 is neutral in N35D BCX, whereas in the WT protein, Asn35 is neutral and Glu172 is negatively charged). Asp35 O d2 in the variant structure also forms an additional, albeit bent, hydrogen bond with the amide nitrogen atom of Phe36 (bond angle O d2 Á Á ÁHN 120 ). This interaction is not possible in the WT enzyme, as Asn35 N d2 and Phe36 N are unable to hydrogen bond to one another. The exchange of asparagine for aspartate at position 35 appears to increase the thermal motion of both residues 35 and 172, as determined from normalized isotropic thermal factors. The average thermal factor for residue 35 increases from 11 A Ê 2 to 17 A Ê 2 , while for residue 172 this parameter increases from 11 A Ê 2 to 14 A Ê 2 . No signi®-cant change in the position of Glu78 is observed. The only other noteworthy perturbations are small ($0.5-0.7 A Ê ) shifts in the positions of the guanido groups of Arg112, which is within the binding cleft of BCX, and Arg122, which is exposed on the surface of protein. In summary, only subtle structural perturbations accompany the substitution of Asp for Asn35. Thus, there is no apparent conformational basis for the shift in pH optimum of C towards the synthetic substrate orthonitrophenyl b-xylobioside (ONPX 2 ). Substitution of an Asp residue at position 35 shifts the pH optimum from 5.7 for the WT protein to 4.6 for the N35D mutant. The activity pro®le follows ionizations with pK a values of 3.5 and 5.8 in the N35D enzyme ( Ð ) and 4.6 and 6.7 in the WT enzyme (---) (McIntosh et al., 1996) . The data points, shown only for N35D BCX, were ®tted as described in Materials and Methods.
Low pH Optima in Family 11 Xylanases N35D BCX to a more acidic value compared to the WT enzyme.
Direct measurement of the pK a values of the catalytic residues of N35D BCX To ascertain which groups are responsible for the activity pro®le of N35D BCX, the pK a values of the catalytic residues were measured directly by monitoring the pH-dependence of the carbonyl 13 C-NMR chemical shifts of the Glu and Gln sidechains. Analysis of the titration curves of [d-13 C]glutamic acid-labelled N35D BCX protein shows a noteworthy difference when compared to WT BCX (McIntosh et al., 1996) (Figure 3 ). That is, the titration curves of Glu78 and Glu172 are triphasic instead of biphasic, indicating the presence of an additional ionizable group in the active site. As discussed later, this third titrating group is assigned as Asp35.
The biphasic nature of the titration curves measured previously for Glu78 and Glu172 in WT BCX has been attributed to electrostatic and/or structural coupling of the ionization equilibria of these two catalytic residues. As discussed in detail by Shrager et al. (1972) , two or more ionizable groups may show coupled or biphasic titration curves if either the microscopic pK a or the chemical shift of one is dependent upon the ionization state of the other. The ®rst case is analogous to the classic branched equilibria of a dibasic acid in which each carboxyl group has two microscopic pK a values, corresponding to the neutral and charged states of its interacting partner. The second case re¯ects the fact that the chemical shifts of one residue may be dependent upon the ionization state of the second, for example, through electric ®eld effects or structural perturbations. (An example of this case is when the chemical shift of a non-ionizable group is dependent upon the protonation states of nearby titratable groups). Fitting of the titration data for WT BCX to either model reveals that the predominant pK a values of Glu78 and Glu172 are 4.6 and 6.7, respectively. These arguments hold for triphasic titration curves involving three coupled protonatable groups. However, with eight possible ionization states, the data cannot be readily ®t to extract the desired microscopic pK a values (see Scheme 1 and Discussion). We therefore chose to ®t the titration curves measured for N35D BCX to simple equations describing sequential ionization equilibria in order to extract apparent pK a values. We attribute the apparent pK a value corresponding to the largest positive chemical shift change (ionized versus neutral) of each Glu or Asp residue to re¯ect its own ionization, and those cor- Figure 2 . A stereo-drawing of the structural conformations of key active-site residues of N35D BCX (dark gray) superimposed upon those of WT BCX residues (light gray) (pH 7.5). Potential hydrogen bonds are indicated by broken yellow lines, oxygen atoms are shown in red and nitrogen atoms in blue. The structures are highly similar with an overall r.m.s deviation of only 0.23 A Ê . See Table 3 for a listing of selected interatomic distances. responding to smaller chemical shift changes to the ionization equilibria of neighboring residues. In the case of N35D BCX, the titration curve of Glu78 has three apparent pK a values (Table 4) . The ®rst, with a minor chemical shift change of 0.96 ppm, follows a macroscopic pK a of 4.2 and is attributed to the ionization of Asp35. The second, with a major chemical shift change of 2.69 ppm, follows a pK a of 5.7 and is assigned to the ionization of Glu78 itself. Finally, a third, with a minor chemical shift change of À0.39 ppm, follows a pK a of 8.4 and re¯ects the ionization of Glu172. Similarly, in the titration curve of Glu172, three apparent pK a values can be observed. The ®rst minor chemical shift change of 0.76 ppm follows a pK a of 4.0 and is due to the ionization of Asp35. The second minor chemical shift change of À0.32 ppm follows a pK a of 5.5 and is due to the ionization of Glu78. Finally, a third and major chemical shift change of 3.09 ppm follows a pK a of 8.4 and is assigned to the ionization of Glu172 itself. In a similar manner, the ionization of Asp35 was monitored directly in a [g- C. The peaks corresponding to Glu78 and Glu172 are shaded in black for emphasis. Spectral assignments were based on previous analysis of WT BCX (McIntosh et al., 1996) and pH values are listed above each spectrum. (b) Apparent pK a values were determined by ®tting the data for the two Glu (*) and ®ve Gln (*) carbonyl groups to an equation describing the pH-dependence of the chemical shift of a residue to one or more sequential ionization events.
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is biphasic in nature and re¯ects two pK a values: the ®rst major chemical shift change of 2.13 ppm follows a pK a of 3.7 and is attributed to the ionization of Asp35 itself, whereas the second minor change in chemical shift of 1.07 ppm follows a pK a of 5.6 and is due to the ionization of Glu78. The pK a of Glu172 was not apparent in the titration curve of Asp35 because the data used to directly measure the pK a of Asp35 did not extend beyond pH 8.3.
The resonances of the side-chain d carbonyl groups of all Gln residues are detected in the 13 C-NMR spectra of N35D BCX (Figure 3) . Their presence is due to the metabolic interconversion of glutamic acid to glutamine in Escherichia coli. The 13 C chemical shifts of the non-ionizable Gln residues are pH-dependent due to the in¯uence of other titratable side-chains within the protein; thus these serve as reporter groups to further verify the pK a values measured for residues 35, 78 and 172. In particular, in N35D BCX the pH-dependent chemical shift of Gln7 predominantly follows two pK a values; namely, a pK a of 3.9 (dÁ 1.37 ppm) due to the ionization of Asp35, and a pK a of 5.6 (dÁ 1.17 ppm) due to the ionization of Glu78. In the WT protein, the resonance of Gln7 follows the titrations of Glu78 (pK a 4.5, dÁ 2.09 ppm) and Glu172 (pK a 6.5, dÁ 0.47 ppm) (McIntosh et al., 1996) . Similarly, the resonance of Gln127 is pHdependent, following the ionizations of Glu172 a Structural coordinates used for distance measurements were obtained from the RCSB Protein Data Bank, PDB identi®cation number 1XNB for WT BCX (Wakarchuk et al., 1994) and 1BVV for WT-2FXb BCX (Sidhu et al., 1999) .
b See Figure 5 and the text for a discussion. The major apparent pK a , assigned to the ionization of the given residue, is underlined. An error in the pK a value of AE0.1 pH unit is estimated from the error in pH measurements.
a The dÁ value refers to the magnitude and direction of the chemical shift change upon deprotonation of the listed residue. The error in chemical shift is estimated to be AE0.015 ppm.
b Data taken from McIntosh et al. (1996) . (pK a 8.4, dÁ 0.03 ppm), Glu78 (pK a 5.6, dÁ 0.65 ppm) and Asp35 (pK a 3.8, dÁ 0.65 ppm) in N35D BCX and of Glu172 (pK a 6.6, dÁ 0.32 ppm) and Glu78 (pK a 4.5, dÁ 0.76 ppm) in the WT protein (McIntosh et al., 1996) . The analyses of the ionization behavior of Asp35, Glu78 and Glu172 are further supported by deuterium isotope shift measurements (Joshi et al., 1997; Ladner et al., 1975; Yamazaki et al., 1994) . An estimate of the protonation state of a carboxyl group can be made by observing the difference in its 13 C chemical shift in H 2 O versus 2 H 2 O solutions. A neutral carboxylic acid group is expected to show an isotope shift of $ À0.25 ppm between its protonated and deuterated forms, whereas a carboxylate group would show no such effect. Measurement of the deuterium isotope shift of the d side-chain carbon atoms of Glu78 and Glu172 in N35D BCX protein reveals that at pH* 6.32, Glu78 is deprotonated (no apparent isotope shift), whereas Glu172 is protonated (isotope shift of À0.29 ppm). These data are consistent with the measured pK a values of the three active-site carboxyl groups in N35D BCX.
Based on both titration curves and isotope shifts, we conclude that the pK a values corresponding primarily to the ionizations of Asp35, Glu78 and Glu172 in N35D BCX are 3.7, 5.7 and 8.4, respectively. The small differences in the corresponding pK a values measured from the multiphasic titration curves of the Asp, Glu and Gln residues (Table 4) are attributed to dif®culties in accurately ®tting these data and the complex nature of the structural or electrostatic interactions in this highly coupled network of ionizable side-chains. Regardless, these data clearly differ from the pK a values of 4.6 and 6.8 measured for Glu78 and Glu172 in the WT enzyme, and con®rm the expectation that the substitution of Asn35 by Asp elevates the pK a values of the nearby catalytic glutamic acid residues.
Determining the catalytic roles of Asp35, Glu78 and Glu172
The directly measured pK a values of Asp35, Glu78, and Glu172 indicate that the pH-dependent activity of N35D BCX appears to follow the ionization of Asp35 (pK a 3.7) and Glu78 (pK a 5.7). The pK a of Glu172 (8.4) is not apparent in the activity pro®le. This presents an interesting problem, as the acidic limb of the activity pro®le, which re¯ects the deprotonation of the nucleophile Glu78 in WT BCX, now appears to follow the ionization of Asp35, while the basic limb of the activity pro®le, which re¯ects the need to have the acid catalyst Glu172 protonated in WT BCX, now appears to follow the ionization of Glu78. These observations begged the question of whether the mechanism of BCX had changed due to the substitution of Asn35 by Asp.
To address this question, several experimental approaches were utilized. First, determination of the stereochemical course of hydrolysis using 2,5-DNPX 2 as a substrate indicated that, as with the WT enzyme, the initial product released was the b anomer of the xylobiose (Figure 4 ). Hence, both WT and N35D BCX utilize a double-displacement retaining mechanism to hydrolyze aryl bxylobiosides.
Second, the role of Glu78 as the nucleophile was ascertained by three methods. The essential function of Glu78 was con®rmed by the observation that the N35D/E78Q double mutant has no detectable activity on ONPX 2 (Table 5) . Similarly, the single (nucleophile) mutant E78Q BCX is completely inactive. Using electrospray mass spectrometry (ESMS), we demonstrated that a mechanismbased inhibitor, 2,4-dinitrophenyl 2-deoxy-2-¯uoro-b-xylobioside (DNP2FXb), covalently attaches to Glu78. In particular, tryptic digestion of inhibited N35D BCX yielded the same doubly charged, Table 5 . Steady-state kinetic parameters for the hydrolysis of aryl b-xylobiosides for N35D and WT BCX Phenol substituent pK a Assays were carried out at pH 6.0 and 40 C. a Phenol pK a values were taken from Tull & Withers (1994) . b Values of k cat /K m were taken from the slope of the Lineweaver-Burk plot, whereas values of k cat and K m were determined from a non-linear ®t of the Michaelis-Menten equation.
c Data taken from Ziser et al. (1995) . d Data taken from Lawson et al. (1996) . e Data taken from Lawson et al. (1997) .
f No detectable enzymatic hydrolysis (unpublished results).
covalently modi®ed peptide containing Glu78 (m/ z of 826 in neutral loss mode) as observed in a previous analysis of WT BCX (Miao et al., 1994 ; and data not shown). Finally, the crystal structure of the N35D BCX glycosyl-enzyme intermediate (N35D-2FXb) clearly shows covalent modi®cation at Glu78 by the DNP2FXb inhibitor (details discussed subsequently). Third, the role of Glu172 was also probed by site-directed mutagenesis. Analysis of the activity of the double mutant protein N35D/E172Q indicated that Glu172 still plays a primary role in functioning as the general acid/base catalyst in N35D BCX. This is not surprising, given the structural similarity of the mutant and WT enzymes (Figure 2) , and thus the conserved positioning of the side-chain of Glu172 with respect to the binding site for xylosic substrates. Speci®cally, similar values of k cat /K m for hydrolysis of ONPX 2 were found for both the N35D/E172Q double mutant protein (0.021 s À1 mM À1 ) and the E172Q single mutant protein (0.075 s À1 mM À1 ) ( Table 5 ). Note that this synthetic substrate has an activated leaving group that needs less general acid catalytic assistance for departure. Therefore, activity is observed, albeit at a substantially reduced rate, even with BCX variants lacking their general acid catalyst.
Brùnsted analysis of the activity of N35D BCX towards aryl b b b-xylobiosides
The enzymatic activity of N35D BCX was measured using a number of different synthetic aryl b-xylobiosides of varying leaving group ability (Table 5) . ONPX 2 was chosen as a reference substrate to compare the activities of all the BCX variants considered in this study. As summarized in C, 99.9 % 2 H 2 O and pH* 4.8. 1 H-NMR spectra were recorded as a function of time after addition of ONPX 2 substrate (R xylose, R H 2 H dinitrophenyl). The control spectrum of ONPX 2 with no enzyme (bottom) shows a doublet at 5.26 ppm (J 7.0 Hz) corresponding to the axial anomeric proton of the xylose residue nearest to the aryl leaving group (R H ), H a1 , that is present in the b-anomer of the unhydrolyzed substrate. Initially (t < ten minutes) after the addition of N35D enzyme, the doublet at 5.26 ppm disappears while a new doublet at 4.59 ppm (J 7.9 Hz) appears. This is due to the axial proton, H a2 , of the initial b-anomeric product released and demonstrates that the mechanism of N35D BCX involves stereochemical retention of anomeric con®guration of the product. As time proceeds (t 20-210 minutes) mutarotation of the initial product occurs, as is evident by the appearance of a second peak at 5.19 ppm (J 3.5 H z ) due to the presence of the a-anomer at the reducing end of the xylobioside. The distorted peak near 4.8 ppm is due to the residual signal of water. ). Note, however, that the activity of N35D BCX is underestimated in this case, because measurements of k cat and K m were performed above its pH optimum of 4.6 and closer to the pH optimum of the WT protein.
Brùnsted plots illustrating the dependence of log k cat and log k cat /K m versus pK a of the leaving group showed a similar dependence of rate on the pK a of the departing phenol moiety for both WT (b 1 g À 0.5, correlation coef®cient 0.88 (Lawson et al., 1997) ) and N35D BCX (b 1 g À 0.4, correlation coef®cient 0.88) (plots not shown). The data unfortunately exhibit substantial scatter, perhaps due to the placement of the nitro substituent, which may differentially in¯uence the binding of the substrate in the two cases and obscure the electronic effects of interest. However, the trend is clear and the general dependence of k cat on the leaving group pK a indicates that the glycosylation step is rate-limiting in the hydrolysis of aryl b-xylobiosides, since only the glycosylation step is in¯u-enced by the nature of the leaving group. Also, within the limits to which we can trust these Brùnsted coef®cients, there is a similar extent of negative charge development on the departing phenolate oxygen atom for the two proteins. Presteady-state kinetic studies of N35D BCX further con®rmed that glycosylation is the rate-limiting step, since no observable burst phase was detected under a variety of conditions (data not shown). That is, no enzyme intermediate accumulated, since the initial glycosylation step was slower than the subsequent deglycosylation step. Together, these data reveal that the rate-limiting step for hydrolysis of aryl xyloside substrates has not changed as a result of a substitution of Asp for Asn35.
Studies of the N35D BCX glycosyl-enzyme intermediate
Use of the mechanism-based inhibitor or``slow substrate'' DNP2FXb has allowed for trapping and subsequent analysis of the WT BCX glycosylenzyme intermediate (WT-2FXb) by ESMS, X-ray crystallography and NMR spectroscopy (McIntosh et al., 1996; Miao et al., 1994; Sidhu et al., 1999) . N35D BCX is also readily inhibited in a timedependent manner by DNP2FXb ( Figure 5 ). The kinetics of inhibition followed a pseudo-®rst-order scheme with values of the inhibition rate constant, k i 0.68 min
À1
, and of the inhibitor dissociation constant, K i 10.5 mM, at pH 4.1 and 40 C. Since the DNP2FXb inhibitor has limited solubility under the conditions employed, values of k i and K i are only estimates. However, as has been noted, the value of the second-order rate constant for the reaction of inhibitor and enzyme, k i /K i , is reasonably accurate (Miao et al., 1994) . The value of k i /K i for N35D was determined from the slope of the reciprocal plot and found to be 0.065 min
This is reduced by only ®vefold compared to the value obtained for the WT protein (
, K i 6.4 mM at pH 6.0 and 40 C) (Miao et al., 1994) .
Structure of the N35D BCX glycosyl-enzyme intermediate
The structure of the N35D BCX glycosyl-enzyme intermediate (N35D-2FXb) was determined at pH 7.5 to a resolution of 1.8 A Ê with an R-factor of 19.3 % (Tables 1 and 2 ). As seen with WT BCX, no signi®cant change occurs in the backbone structure of N35D BCX upon formation of the covalent intermediate, except for a small displacement of the loop region (residues 111-125) over the active-site cleft (Connelly et al., 2000; Sidhu et al., 1999) . The Low pH Optima in Family 11 Xylanases most pronounced change is the covalent attachment of a 2-¯uoro-xylobiosyl (2FXb) moiety to the O e2 atom of Glu78 via an a-anomeric linkage with the C-1 atom of the proximal saccharide ( Figure 6 ). The presence of this covalent attachment con®rms that Glu78 functions as the nucleophile in N35D BCX and that hydrolysis proceeds through a double-displacement mechanism. In addition, the side-chain carboxyl group of Glu172 remains positioned to serve as a general acid and donate a proton to the oxygen atom of the aglycone leaving group during formation of the glycosyl-enzyme intermediate and, in turn, as a general base to facilitate deglycosylation by a nucleophilic water molecule. This provides strong support for the role of Glu172, at least in part (see Discussion), as a general acid/base catalyst in both the WT and mutant enzymes. Furthermore, the interactions between the protein side-chains and the 2FXb moiety in the N35D intermediate are also almost identical with those occurring in the WT intermediate, as discussed extensively by Sidhu et al., (1999) . Most notably, the distal xylose residue is stacked against Trp9 and forms hydrogen bonds to Tyr166 and Tyr69, whereas the proximal distorted xylose residue extensively hydrogen bonds to Tyr69, Arg112 and Pro116. Finally, the proximal saccharide is distorted to a 2,5 B (boat) conformation, whereas the distal saccharide is maintained in the conventional 4 C 1 (chair) conformation in the glycosyl-enzyme intermediate of both WT (Sidhu et al., 1999) and N35D BCX.
A comparison of the structures of the covalent intermediates of WT and N35D BCX reveals only two notable differences. Firstly, the distance between Glu172 O e1 and a water molecule, that has been proposed to function as the nucleophile in the deglycosylation step (Sidhu et al., 1999) , is increased by $0.7 A Ê in the N35D complex compared to the WT complex (Table 3) . Second, and most signi®cantly, the distance between Asn35 N d2 /Asp35 O d2 and Glu172 decreases from 3.3 A Ê in WT-2FXb to 2.7 A Ê in N35D-2FXb. A small rotation of $15 (w 3 ) also increases the co-planarity of the two carboxyl groups. This is suggestive of a strong hydrogen bonding interaction between the side-chains of Asp35 and Glu172 in the N35D BCX glycosyl-enzyme intermediate at pH 7.5. pK a measurements of the N35D BCX glycosyl-enzyme intermediate
The pK a of Glu172 in N35D BCX inhibited with DNP2FXb was directly measured by NMR spectroscopy (Figure 7) . The 13 C-NMR spectra of N35D-2FXb BCX are very similar to those of WT2FXb BCX (McIntosh et al., 1996) , allowing the carbonyl resonances to be readily assigned. Comparison to the data in Figure 3 reveals that N35D-2FXb and unmodi®ed N35D BCX are markedly different in both chemical shift and titration behavior. Upon formation of the glycosyl-enzyme intermediate in N35D BCX, the d-13 C resonance of Glu172 moves down®eld by 1.4 ppm to 180.41 ppm, while the resonance of Glu78 moves up®eld by almost 6.4 ppm to 175.94 ppm at neutral pH. The carbonyl resonance of Glu78 is essentially invariant with pH and shows no deuterium isotope shift (data not shown), as would be expected due to its covalent attachment to the 2-deoxy-2-¯uoro-b-xylobiose. A minor shift with an apparent pK a of 9.3 (Ád 0.18 ppm) is observed for Glu78, which probably Figure 6 . A stereo-illustration of the structural conformations of key active-site residues of the N35D BCX glycosylenzyme intermediate (N35D-2FXb) (dark gray) superimposed upon those of the WT glycosyl-enzyme intermediate (WT-2FXb) (light gray) (pH 7.5). Potential hydrogen bonds are indicated by broken yellow lines, oxygen atoms are shown in red and nitrogen atoms in blue. Modi®ed Glu78-2FXb (Glu78*) is covalently attached to a 2-¯uoroxylobio-syl (2FXb) moeity where the proximal saccharide is distorted to a 2,5 B conformation in both N35D-2FXb and WT2FXb. A crystallographically identi®able water (Wat) molecule that is proposed to function in the deglycosylation step of the reaction is indicated by a red sphere. The most notable change is a reduction in the distance between Asn35 N d2 /Asp35 O d2 and Glu172 from 3.3 A Ê in WT-2FXb to 2.7 A Ê in N35D-2FXb. See Table 3 for a listing of additional interatomic distances. re¯ects a pH-dependent change occurring at another site on the protein (Table 4) . In contrast to the situation with unmodi®ed N35D BCX, Gln7 and Gln127 no longer show pH-dependent shifts, thus con®rming the dependence of their resonance frequencies on the charge state of Glu78.
After covalent modi®cation of Glu78, Glu172 is the only titratable glutamic acid residue in N35D-2FXb BCX and thus its 13 C-NMR resonance is readily identi®able in the spectra shown in Figure 7 . However, the pK a of this residue is dif®-cult to estimate from these data, since no titration baseline is observed in the acidic range, and thus a lower chemical shift limit could not be established. Nevertheless, ®tting the data to a model involving three ionizations yielded very approximate apparent pK a values of 1.9 (Ád 1.63 ppm), 3.4 (Ád 0.48 ppm) and 9.0 (Ád 0.10 ppm). A single C-NMR spectra of N35D BCX covalently inhibited at Glu78 with 2FXb (25 C). Resonance assignments were based on previously collected data for inhibited WT BCX (McIntosh et al., 1996) and the spectra displayed as in Figure 2 (a). The resonance of modi®ed Glu78-2FXb (E78*) was distinguished from that of Gln7 by a lack of a hydrogen-deuterium isotope shift (not shown). The peaks corresponding to Glu172 and modi®ed Glu78-2FXb are highlighted in black for emphasis. (b) Apparent pK a values were determined for the two Glu residues (*) (Table 4) and the ®ve Gln residues (*) by ®tting to equations describing one or more sequential ionization equilibria. pK a of $2.6 is obtained when the data are analyzed assuming one ionization event in the acidic range, although the ®tting is less satisfactory.
To further investigate the ionization behavior of Glu172 in the glycosyl-enzyme intermediate of N35D BCX, deuterium isotope shift measurements were carried out. Comparison of the spectra of the covalently modi®ed protein in 10 % 2 H 2 O and 90 % 2 H 2 O buffer at pH* 5.90 unambiguously shows that the carbonyl group of Glu172 has an isotope shift of À0.16 ppm. This value is midway between that of 0 ppm measured for deprotonated Glu78 in the uninhibited form of N35D BCX and À0.29 ppm for protonated Glu172. Possible interpretations of this result are that, in the glycosyl-enzyme intermediate, Glu172 is either $50 % protonated at pH 5.9 or is fully protonated yet with signi®cantly reduced O-H covalent bond character. This observation poses an interesting problem, given that Glu172 should be fully deprotonated at pH 5.9 if its pK a value is indeed less than 3.4, as suggested by the titration data of Figure 7 . One plausible explanation of this behavior is that, upon formation of the glycosyl-enzyme intermediate, the microscopic pK a of Glu172 drops to a value in the range of 1.9 to 3.4 such that it is approximately equal to that of Asp35. Although we did not measure the pK a of residue 35 in this system, due to the large number of aspartic acid and asparagine residues in N35D-2FXb BCX (and thus the need to reassign the d-carbonyl resonances in the modi®ed protein), it is reasonable to assume that its pK a would not increase signi®cantly from the value of 3.7 found in the uninhibited form of N35D BCX. Given that these two residues have intimately associated carboxyl groups, as shown crystallographically (Figure 6 ), as well as comparable pK a values, they may in effect behave as a single, coupled unit. The ®rst proton of the pair can be lost in the titration event corresponding to the apparent pK a value of 1.9 or 3.4 measured from the pH-dependent chemical shift of Glu172, or to a single pK a of 2.6 obtained when the data are ®tted to one ionization event in the acidic range. (This argument recognizes the dif®culty of differentiating the effects of the ionization of Glu172 or Asp35 on the chemical shift of the carbonyl group of Glu172, and thus the ambiguity in the interpretation of the ®tted pK a values.) Consistent with the observed separation of only 2.7 A Ê between O d of Asp35 and O e of Glu172 (Figure 6 ), this leaves a single proton shared in an ionic hydrogen bond between two residues at neutral pH values. Thus the deuterium isotope effect of À0.16 ppm would be attributed to the effects of strong hydrogen bonding, rather than partial protonation per se. This is reminiscent of the description of a so-called low barrier hydrogen bond (LBHB). However, we did not observe the signal from an unusually down®eld-shifted proton in the 1 H-NMR spectrum of N35D-2FXb BCX at pH* 6.1 and 25 C that is often attributed to a proton in an LBHB.
To complete this argument, we must de®ne the pK a for the loss of the second proton from the Asp35-Glu172 pair of N35D-2FXb BCX. From the titration data shown in Figure 7 , the carbonyl chemical shift of Glu172 remains approximately constant in the alkaline range up to a pH of 10.6. Only a small change of 0.1 ppm, ®tting an apparent pK a of 9.0, was observed. Although not impossible, it seems unlikely that this small shift re¯ects the deprotonation of Glu172, suggesting that the actual pK a value for the loss of the second proton must be >11. However, based on this uncertainty, we conservatively conclude that the pK a for the second ionization of Asp35-Glu172 is >9. This represents a perturbation of at least 5.5 units from the value of the ®rst ionization, or an energetic interaction of >9 kcal mol À1 disfavoring the juxtaposition of Asp35 and Glu172 in their negatively charged forms.
The low pK a of the Asp35-Glu172 pair in the glycosyl-enzyme intermediate of N35D is consistent with the phenomenon of pK a cycling that occurs in retaining glycosidases (McIntosh et al., 1996) . In a retaining glycosidase, the pK a of the general acid/ base cycles to match its catalytic role as a general acid in the glycosylation step (higher pK a ) or a general base in the deglycosylation step (lower pK a ). Previous studies of BCX using DNP2FXb to trap the glycosyl-enzyme intermediate have shown that the pK a of Glu172 cycles from 6.7 in the free WT enzyme when it functions as a general acid to 4.2 in the enzyme intermediate when it functions as a general base (McIntosh et al., 1996) . Hence, a lower pK a measured for the Asp35-Glu172 pair in the glycosyl-enzyme intermediate of N35D BCX indicates that this carboxyl pair can play a dual catalytic role as a general acid and as a general base in the double-displacement hydrolysis reaction.
Discussion Overview
Substitution of an aspartic acid for an asparagine residue at position 35 results in a pronounced change in the pH optimum of BCX from pH 5.7 to 4.6 and a slight increase in activity. The acidic and basic limbs of the activity pro®le follow apparent pK a values of 3.5 and 5.8, respectively. The net effect of this substitution is to change BCX from aǹ`a lkaline'' towards an``acidic'' xylanase. X-ray crystallographic structural studies showed that the structure of N35D BCX closely resembles that of WT BCX, with the exception of a small increase in distance between the carboxyl groups of Asp35 and Glu172 (3.1 A Ê in WT and 3.2 A Ê in N35D). Consistent with the lack of any structural perturbation, N35D BCX still follows a retaining mechanism, in which glycosylation is rate-limiting. In addition, the kinetics of inhibition of N35D and WT BCX with DNP2FXb are similar.
To explain the observed shift in pH optimum, we used 13 C-NMR to directly measure the pK a values of the catalytically essential residues in both the free enzyme and in the glycosyl-enzyme intermediate of N35D BCX. In the free enzyme, the apparent pK a of the newly introduced Asp residue at position 35 is 3.7, while those of Glu78 and Glu172 are elevated from their WT values to 5.7 and 8.4, respectively. The ionization states at pH 6.3 expected from the pK a values of Asp35, Glu78 and Glu172 were con®rmed by deuterium isotope shift measurements. Thus, the activity pro®le of N35D BCX appears to follow the pK a values of Asp35 and Glu78, instead of Glu78 and Glu172 as in WT BCX. However, several experiments con®rmed that Glu78 is still the nucleophile and that Glu172 still contributes to the role of the general acid catalyst. The crystal structure of the N35D BCX glycosylenzyme intermediate is very similar to that of the WT glycosyl-enzyme intermediate, with a signi®-cantly notable exception. The side-chain carboxyl groups of Asp35 and Glu172 are now shifted closer together (2.7 A Ê in N35D-2FX versus 3.3 A Ê in WT2FXb) with a concomitant increase in co-planarity. The energetic driving force for the favorable juxtaposition of these two carboxylate groups apparently arises from the formation of a rather short and strong hydrogen bond resulting from the loss of the ®rst proton and the subsequent sharing of the second between these two groups. This conclusion is supported by 13 C-NMR titrations, which indicate that Glu172 and Asp35 behave as a single coupled unit with a pK a in the range of 1.9 and 3.4 for the loss of the ®rst proton and a pK a of >9 for the loss of the second, combined with the observation of an intermediate deuterium isotope shift at pH 5.9, indicative of a shared proton bridging these two carboxylate groups.
pK a values of the catalytic residues
Previous NMR studies of WT BCX revealed that Glu78 and Glu172 have coupled ionization equilibria. Consistent with their catalytic roles, the major pK a values for these two residues are 4.6 and 6.7, respectively. However, when their biphasic titration curves were ®tted to a model describing the interaction of two ionizable groups, the microscopic pK a of Glu172 in the presence of a neutral Glu78 was found to be 5.5, and that of Glu78 in the presence of a charged Glu172 was 5.8 (see Scheme 1 of McIntosh et al., 1996) . Therefore, the electrostatic interaction between the two nearby carboxyl groups (C d separation 6.5 A Ê ) perturbs their pK a values by $1.2 units. This is supported by the observation that upon substitution of Glu78 with Gln, the pK a of Glu172 drops to 4.2, whereas the reciprocal mutation of Glu172 leads to a slight elevation of the pK a of Glu78 to 5.0. In both cases, the titration curves become monophasic. The differences between the pK a values measured for the mutant proteins and those determined from an analysis of the biphasic titration curves of WT BCX suggest that the coupling between the two glutamic acids is not purely electrostatic. Conformational changes in the active-site upon ionization or mutation may also in¯uence the titration behavior of Glu78 and Glu172.
Substitution of Asn35 to an aspartic acid residue leads to a dramatic change in the ionization properties of BCX. Most notably, the apparent pK a values of Glu78 and Glu172 are elevated to 5.7 and 8.4, respectively, and both residues show triphasic titration curves. This undoubtedly arises from an additional electrostatic interaction with Asp35, which has an apparent pK a of 3.7 and thus is predominantly in a negatively charged state at pH values when Glu78 and Glu172 undergo deprotonation. The greater perturbation of the pK a value of Glu172 is consistent with the crystal structure of N35D BCX, determined at pH 7.5. That is, the carboxyl carbon atoms of Asp35 and Glu172 are separated by 4.8 A Ê , whereas those of Asp35 and Glu78 are 8.5 A Ê apart (Figure 2 and Table 3 ).
The multiphasic titration curves recorded for Asp35, Glu78, and Glu172 clearly indicate a complex network of electrostatic, and possibly structural, interactions between these three residues. As outlined in Results, the apparent pK a values listed in Table 4 were determined by ®tting the NMRdetected titration curves of the active-site carboxyl groups to a simple model of sequential ionization events. However, to gain further insight into the electrostatic interactions between Asp35, Glu78, and Glu172, it is useful to analyze their titration data to extract microscopic pK a values. Unfortunately, with eight possible ionization states, it is dif®cult to carry out this analysis in full. Using only data recorded in acidic solutions (e.g. with Glu172 protonated), a simultaneous ®tting of the titration curves for Asp35 and Glu78 to a model of two coupled ionization equilibria yields the microscopic pK a values shown in Scheme 1:
The upper limb of this scheme shows the predominant ionization pathway of N35D BCX in which Asp35 deprotonates with increasing pH before Glu78, whereas the lower corresponds to the minor population of protein in which Glu78 is negatively charged and Asp35 neutral. Note that the microscopic pK a of 5.54 for Glu78 along the upper limb of this coupled equilibrium curve is similar to the apparent pK a value of 5.7 listed in Table 4 , whereas that of 4.03 for Asp35 is somewhat higher than the Scheme 1.
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corresponding value of 3.7 determined from a sequential ionization model. This re¯ects the dif®-culty of extracting pK a values for complex binding equilibria in proteins, as the chemical shifts of involved residues are exquisitely sensitive to both structural and electrostatic factors, thus the equations describing their NMR behavior are underdetermined experimentally. However, support for Scheme 1 follows from the observation that the microscopic pK a of 4.49 ®t for Glu78 in the presence of a neutral Asp35 is very similar to that of 4.6 measured for this catalytic residue in WT BCX, which contains a neutral asparagine residue at position 35. Recognizing that the accuracy of these ®ttings is uncertain, Scheme 1 suggests that the ionization of Asp35 elevates the pK a of Glu78 by $1 unit, and vice versa, due to charge repulsion, with an energetic coupling of 2.303RT(ÁpK a ) 1.4 kcal mol À1 . The implications of this analysis for understanding the catalytic mechanism of N35D BCX will be discussed below.
Unfortunately, we were unable to extract microscopic pK a values for the coupling of Glu172 with Glu78 or Asp35 for the following two reasons. First, in contrast to the case of the WT protein, upon addition of acid, the 13 C d nuclei of Glu78 and Glu172 in N35D BCX show small down®eld shifts (i.e. opposite to that expected for protonation of a carboxylate) at pH values corresponding to each other's pK a values. Therefore, it is not possible to ®t these data to the equation describing the pHdependence of the chemical shifts of two residues with coupled ionization equilibria (Shrager et al., 1972) . Second, NMR data were not recorded above pH 8.3 for [g-13 C]Asp-labelled N35D BCX, thus precluding a mutual ®t of the titration curves of Asp35 and Glu172 for microscopic pK a values. However, due to the large difference in their apparent pK a values, the population of protein with Asp35 protonated and Glu172 deprotonated must be negligible.
Upon formation of a long-lived glycosyl-enzyme intermediate, the pK a value of Glu172 in WT-2FXb BCX drops from 6.7 to 4.2 (McIntosh et al., 1996) . This pK a cycling allows the glutamate residue to perform its dual role as a general acid for the glycosylation step and general base for deglycosylation. The reduction in the pK a value of Glu172 by 2.5 units is attributed to the elimination of charge repulsion from Glu78, due to formation of a covalent linkage to the 2-¯uoro-xylobiose, as well as to possible changes in the structure and hydration of BCX (McIntosh et al., 1996) . In a similar fashion, formation of the N35D BCX glycosylenzyme intermediate leads to a dramatic change in the titration behavior of Glu172. As seen in Figure 7 , the pH-dependence of the d-
13
C resonance of Glu172 follows apparent pK a values of 1.9 or 3.4 when ®tted to two sequential titrations or 2.6 when ®tted to one ionization event in the acidic range. The observation of an isotope shift of À0.16 ppm at pH* 5.90 for Glu172 indicates that this residue is at least partially protonated at pH values above these pK a values.
Based on this measured titration and deuterium isotope shift data, we conclude that Asp35 and Glu172 are behaving as a highly coupled dicarboxylic acid system in N35D-2FXb BCX, with a ®rst pK a in the range of 1.9-3.4 and a second estimated to be >9. This is remarkable for two reasons. First, in the case of the WT enzyme, the pK a of Glu172 drops by only 2.5 units upon covalent modi®cation of Glu78, whereas in N35D BCX, the pK a value associated with Glu172 falls by $5.8 units, from 8.4 to $2.6. Second, assuming that the pK a values for the ®rst and second deprotonation steps of the Asp35-Glu172 pair are $2.6 and >9, this represents an energetic interaction of >9 kcal mol À1 disfavoring the juxtaposition of the two carboxylate groups in their negatively charged forms. A possible explanation for this behavior is seen from a comparison of the crystal structures of N35D BCX in its free and modi®ed forms, determined at pH 7.5. In the free enzyme, the distance between Asp35 O d2 and Glu172 O e2 is 3.2 A Ê , whereas in the glycosyl-enzyme intermediate, the separation is reduced to 2.7 A Ê ( Table 3) . The corresponding values for the WT protein are 3.1 A Ê and 3.3 A Ê , respectively. This suggests that a relatively strong hydrogen bond exists between Asp35 and Glu172 in N35D-2FXb BCX, such that one proton is shared between the two carboxyl groups with a net charge of À1. As mentioned previously, this interaction shares many similarities to an LBHB, in that a proton is partitioned somewhat equally between the two carboxylate groups with ®rst ionization pK a values that are approximately matched. However, the signature proton with a down®eld-shifted resonance commonly attributed to the presence of an LBHB is not detected. Also, although slightly less than the $2.8 A Ê oxygenoxygen hydrogen bonding distance observed in water, the Asp35-Glu172 separation is somewhat longer than the value of <2.55 A Ê often cited for such an LBHB in model compounds (Cleland et al., 1998) . Regardless, this close interaction between these two active-site residues, which is not observed in WT-2FXb BCX, could account for the distinct pK a values measured for Glu172 in the mutant enzyme. By way of comparison, in a study of the ionization of symmetric dicarboxylic acids, McDaniel & Brown (1953) reported that the pK a values for cis-caronic acid were 2.3 and 8.2. This strong energetic coupling was attributed to a highly favorable hydrogen bond between a carboxylic acid and a carboxylate group in this constrained ring system.
Reverse protonation mechanism
Based upon the pK a values of Glu78 (5.7) and Glu172 (8.4) determined by 13 C-NMR, and by analogy to the WT enzyme, the pH optimum of N35D BCX is expected to be $7.0. However, in marked contrast, the observed pH-dependence of k cat /K m , which re¯ects ionizations in the free enzyme, yields a pH optimum of 4.6 and a bell-shaped activity pro®le with apparent pK a values of 3.5 and 5.8. Therefore, it appears that the pH-dependent activity of N35D BCX is determined by the ionization states of Asp35 and Glu78, rather than Glu172 and Glu78 as seen with the WT protein.
However, since Glu78 must still be deprotonated to serve as a nucleophile, it follows that Asp35 must be protonated in the active enzyme. This situation, in which enzymatic hydrolysis requires that the group with the higher pK a be deprotonated while that with the lower pK a remains protonated, has been termed``reverse protonation'' (Mock & Aksamawati, 1994) . Although somewhat unintuitive, this reversed ionization scheme will also give rise to a bell-shaped activity pro®le with apparent pK a values for the acidic and basic limbs closely matching those of the two ionizable groups (Figure 8 ). However, in contrast to the more frequently observed cases exempli®ed by WT BCX, only a small percentage of the enzyme is in the correct ionization state for catalysis to occur. This kinetic mechanism has been invoked to explain the pH-dependence of the activities of several enzymes, including thermolysin, urease, and aspartate transcarbamylase (Karplus et al., 1997; Mock & Aksamawati, 1994; Mock & Stanford, 1996; Turnbull et al., 1992) .
Upon closer examination, several fundamental questions arise in attempting to explain the activity of N35D BCX, as well as other acidic xylanases, in terms of a reverse protonation mechanism. First, as is clearly shown in Figure 8 , on the basis of their spectroscopically measured apparent pK a values, the fraction of the enzyme with Asp35 and Glu78 in the correct ionization states is only $1 %. Since the overall activity of N35D BCX is $20 % greater than WT BCX at their respective pH optima, the mutant enzyme in a state with Asp35 neutral and Glu78 deprotonated must have an inherent catalytic ef®ciency at least two orders of magnitude higher than that of the parental WT. Why, then, is this enzyme species such an ef®cient catalyst? Second, this mechanism implies that N35D BCX is inactive when Asp35 is deprotonated, even though Glu172 (pK a 8.4) still bears a proton. Furthermore, Glu172 is positioned structurally to donate a proton to the aglycone oxygen atom during the glycosylation reaction and to abstract a proton from a water molecule during the subsequent deglycosylation reaction (Figures 2 and 6 ). Why can Glu172 not act alone as the general acid/base catalyst under these conditions to allow hydrolysis at elevated pH values?
A possible answer to these two questions lies with the observation of a short hydrogen bond between Asp35 and Glu172 in the glycosyl-enzyme intermediate. A series of elegant model studies carried out by Kirby using small-molecule systems to probe intramolecular proton transfer in the acidcatalyzed hydrolysis of acetals revealed that extremely effective intramolecular acid catalysis occurs when a strong hydrogen bond is formed between Figure 8 . Simulated activity pro®les for the proposed reverse protonation mechanism of N35D BCX. In the upper panel, titration curves are generated for the deprotonation of Glu78 (pK a 5.7, ± ± ± ) and the protonation of Asp35 (pK a 3.7, -----) and Glu172 (pK a 8.4, -----). If N35D BCX behaved like the WT enzyme, optimal activity would be observed at pH $7, where Glu78 is deprotonated and Glu172 protonated. In contrast, to explain the observed pH optimum of 4.6, we propose that Asp35 is protonated in the active form of the enzyme to function as the general acid along with Glu172, while Glu78 is depronated to serve as a nucleophile. Since the pK a of Glu78, measured by NMR spectroscopy, is greater than that of Asp35, the required combination of ionization states occurs only in the small region of overlap between the titration curves of these two residues (arrow). This is illustrated in the lower panel, where the product of the two titration curves is shown as a continuous line and the scale of k cat /K m is logarithmic. Fitting to the standard equation for a bellshaped activity pro®le yields apparent pK a values of 3.7 and 5.7. This veri®es that both normal and reverse protonation mechanisms yield bell-shaped activity curves with apparent pK a values matching those measured for the two groups whose ionization states dictate the activity of the enzyme. Note, however, with the latter mechanism, N35D BCX has only $1 % of the activity that it would have in a theoretical state with Asp35 fully protonated and Glu78 fully deprotonated. The curves in this Figure were scaled to match the observed maximum value k cat /K m of 0.43 s À1 mM À1 measured with ONPX 2 at 25 C (Figure 1 ).
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the departing alcohol and the conjugate base form of the general acid catalyst in systems such as that shown in Scheme 2 (Kirby, 1997) . This strong hydrogen bond must exist, at least in part, in the transition state leading to the product, thereby stabilizing it and facilitating hydrolysis. The situation observed with N35D BCX is directly analogous to these model systems, since a strong hydrogen bond is formed between Asp35 and Glu172 in the glycosyl-enzyme intermediate. This hydrogen bond is stronger (shorter) than that in the free enzyme, largely as a consequence of the removal of charge from Glu78 upon formation of the glycosyl-enzyme intermediate. Stated equivalently, elimination of repulsive Coulombic interactions, by formation of an ester on Glu78, lowers the pK a value of Glu172 to more closely match that of Asp35, thereby allowing Asp35-Glu172 to function together as an ef®cient general acid. Even though this strong hydrogen bond is not formed between the acid/base catalyst and the departing aglycone oxygen atom, as in the cases studied by Kirby, the effect is the same, since the glycosylenzyme intermediate, and therefore the transition states leading to it, are stabilized (Figures 9 and  10 ). Indeed, this situation is preferable in a catalytic system since, were the hydrogen bond formed to the aglycone oxygen atom, product dissociation could be signi®cantly slowed. The question then arises as to whether the hydrogen bond formed is strong enough to lower the activation energy for glycosyl-enzyme intermediate formation suf®ciently to account for the inherently 100-fold more ef®cient enzyme. An answer to this lies in the observation made previously (Richard, 1998) , on the basis of our earlier demonstration of pK a cycling in BCX (McIntosh et al., 1996) , that the chemical step of covalent glycosyl-enzyme intermediate formation is closely coupled to the ionization behavior of the key active-site carboxylic acids. Thus the observed shift in the pK a value of the acid/base catalyst upon formation of the glycosyl-enzyme intermediate in effect drives its formation. The pK a shift of 2.5 units in WT BCX corresponds to an energy difference of 3.5 kcal mol
À1
. In the case of N35D BCX, the very large pK a shift of 5.8 units from 8.4 to $2.6 for Glu172, which represents an energy difference of $8 kcal mol À1 , is indeed suf®cient to overcome the fact that only a very small percentage of the enzyme is in the correct ionization state for catalysis. It is interesting to note that the ®rst pK a of the Asp35-Glu172 system drops from 3.7 in the free enzyme to $2.6 in the glycosyl-enzyme intermediate due to the removal of the charge on Glu78. Thus, at each point along the reaction coordinate leading to this intermediate, proton donation becomes more effective. The other question concerns why the monoprotonated Asp35-Glu172 system could not act as an effective acid catalyst, despite the pK a value of 8.4 measured for the glutamic acid in the free enzyme. The answer to this lies in the unfavorable coupling of ionization behavior to glycosyl-enzyme intermediate formation in this case. This arises from the fact that glycosyl-enzyme formation results in an increase in the pK a of Glu172 from 8.4 in the free enzyme to >9 for the Asp35-Glu172 pair in the covalent intermediate. Consequently, at each point along the Scheme 2. Figure 9 . A schematic reaction-coordinate diagram illustrating how the formation of the highly favorable glycosyl-enzyme intermediate along the hydrolytic reaction pathway of N35D BCX increases its catalytic ef®-ciency relative to WT BCX. The development of a short (2.7 A Ê ) strong hydrogen bond between Asp35 and Glu172 leads to signi®cant stabilization of the N35D BCX glycosyl-enzyme intermediate, and consequently, a reduction in the free energy barriers of the neighboring transition states for glycosylation (k 2 ) and deglycosylation (k 3 ) (lower trace). In contrast, the longer (3.3 A Ê ) hydrogen bond formed between Asn35 and Glu172 in the glycosyl-enzyme intermediate of WT BCX does not lead to the same degree of stabilization and rate enhancement (upper trace). The energy levels of the free enzyme and substrate (E S), the enzyme-intermediate (E-S H ), and the free enzyme and product (E P) are indicated qualitatively in this diagram. reaction coordinate in this system, donation of the second proton from this carboxyl pair becomes less effective.
Although the two questions posed above regarding the catalytic ef®ciency of a reverse protonation mechanism can be resolved adequately, a rather subtle caveat to this mechanism should be noted. The current proposal of a reverse protonation mechanism follows from the similarities of the pK a values determined from the activity pro®le of N35D BCX and the major``apparent'' pK a values of Asp35 and Glu78 measured by 13 C-NMR. However, if Asp35 is in a protonated state when the enzyme is catalytically active, we must in fact consider the microscopic pK a values of Asp35 and Glu78, rather than their predominant or apparent pK a values. According to this model, shown in Scheme 1, in the presence of a neutral Asp35, the pK a of Glu78 is $4.5 rather than $5.5. Similarly, in the presence of a negatively charged Glu78, the pK a of Asp35 is $5 rather than $4. This implies that the pH-dependent activity pro®le of N35D BCX should follow apparent pK a values of $4.5 (Glu78) and $5 (Asp35). Since this is not observed, the analysis of the 13 C-NMR titration data according to Scheme 1 may not be appropriate for N35D BCX, due to the previously mentioned dif®culties in interpreting the pH-dependent changes in the chemical shifts of carboxyl groups. However, irrespective of the details of the analysis, the pK a values of Glu78 and Glu172 in the presence of a neutral Asp35 are expected to differ from those measured from the major pH-dependent change in their 13 C-NMR spectra due to electrostatic interactions between their closely juxtaposed side-chain carboxyl groups. Thus, the correspondence between the observed pK a values of 3.5 and 5.8 from the pH-dependent activity pro®le of N35D BCX and 3.7 (Asp35) and 5.7 (Glu78) from NMR measurements is somewhat perplexing. Perhaps this expectation is false and the perturbation of the pK a value of Glu78 due to the N35D substitution does not arise from electrostatic interactions, as implied in Scheme 1, but rather from very subtle structural differences between aspartic acid and asparagine side-chains. Thus in the presence of a neutral Asp35, Glu78 may still have a pK a of $5.7, and in the presence of a charged Glu78, Asp35 may still have a pK a of $3.7, corresponding to the limbs of the activity pro®le of N35D BCX. To address this issue, crystallographic studies of WT and N35D BCX at acidic pH values may be necessary.
In summary, a combination of NMR and kinetic studies demonstrates that the pH-dependent activity of N35D BCX, and by inference other`a cidic'' family 11 xylanases, is dictated by the ionization states of the nucleophile, Glu78, and the Asp35 residue adjacent to the general acid, Glu172. Although not without concerns, this can be explained by a reverse protonation mechanism in which Asp35 and Glu172 act together as the general acid and, subsequently, as the general base in the two-step hydolysis reaction (Figure 10 ).
Comparison to other xylanases
The correlation between the presence of an asparagine or an aspartic acid residue at position 35 (BCX numbering) and the``alkaline'' or``acidic'' pH optima of family 11 xylanases, repectively, is well recognized. As summarized below, three structural investigations aimed at understanding this phenomenon have been reported.
Torronen and Rouvinen examined two family 11 xylanases from Trichoderma reesei (Torronen & Rouvinen, 1995) . XYNI is an acidic xylanase with an aspartic acid residue at position 33 and a pH optimum of 3.5, whereas XYNII is an alkaline xylanase with an asparagine residue at position 44 and a pH optimum of 5.3 (Table 6 ). In XYNI, Asp33 clearly makes a hydrogen bond (2.9 A Ê ) to the acid/base catalyst (Glu164). In contrast, in XYNII, Asn44 is involved in a weaker interaction (3.4-3.7 A Ê ) with the acid/base catalyst (Glu177). Without information regarding the pK a values of the catalytic residues, or the ability to directly detect Figure 10 . The proposed double-displacement retaining mechanism of N35D BCX. In the glycosylation step, Asp35 and Glu172 function together in serving the role of the acid/base catalyst, whereas deprotonated Glu78 is the nucleophile. In the glycosyl-enzyme intermediate, Asp35-Glu172 interact strongly with coupled ionizations, pK a1 1.9-3.4 and pK a2 > 9. Due to this pK a cycling, they can now serve as a general base in the deglycosylation step of the reaction.
Low pH Optima in Family 11 Xylanases their protonation states by X-ray diffraction, the authors suggested that, in XYNI, Asp33 is neutral and involved in a strong hydrogen bonding interaction that serves to lower the pK a of Glu164 and thereby reduce the pH optimum of the enzyme. Based on our studies of N35D BCX, it seems likely that Glu164 in XYNI actually has a higher pK a than Glu177 in XYNII, and that Asp33 is largely deprotonated under the experimental conditions used for this study.
In a crystallographic analysis of the acidic xylanase, Aspergillus niger xylanase I, Krengel and Dijkstra found that Asp37 and the acid/base catalyst (Glu170) were within close hydrogen bonding distance (2.8 A Ê ) of each other, as had been observed for the analogous residues in T. reesei XYNI (Krengel & Dijkstra, 1996; Torronen & Rouvinen, 1995) . Based on its solvent exposure, they proposed that Asp37 is negatively charged at the pH of crystallization (pH 8) and therefore serves to elevate the pK a of Glu170. To explain the pH optimum of 3 measured for this enzyme, they suggested that xylanase I is active when Asp37 is protonated and inactive when it is deprotonated. At low pH when Asp37 is protonated, the proton of the general acid Glu170 is available for catalysis. However, at high pH, when Asp37 is deprotonated, the catalytic proton of Glu170 is suggested to be detained in an ionic hydrogen bond to this residue, thereby preventing hydrolysis at elevated pH values. Thus, according to this mechanism, the ionization state of Asp37 primarily dictates the acidic limb of the pH-dependent activity pro®le of this xylanase. Although no correlation of activity to the ionization state of the nucleophile (or measurement of its pK a value) was given, this argument is essentially equivalent to the reverse protonation mechanism proposed herein to explain the activity of N35D BCX.
In a more recent study of the acidic xylanase from Aspergillus kawachii, xylanase C, Fushinobu et al. (1998) experimentally con®rmed the essential role that an aspartic acid residue (Asp37) adjacent to the acid/base catalyst (Glu170) has in lowering the pH optimum of this family 11 xylanase. Xylanase C has a pH optimum of 2, one of the lowest of this family. Mutation of Asp37 to asparagine dramatically shifts the pH optimum of xylanase C from 2 to 5, albeit with an 85 % reduction in xylanolytic activity. (This substitution is the reverse of that in N35D BCX.) In their structural analysis of the WT enzyme, they also observed the same short distance between Asp37 and Glu170 (2.8 A Ê ) as was reported for the other acidic xylanases (Table 6) .
A summary of the structural and enzymatic properties of these xylanases, plus those from Bacillus agaradhaerens and Thermomyces lanuginosus, is presented in Table 6 . Although each of these enzymes shares a structurally similar arrangement of fully conserved active-site residues surrounding two catalytic glutamic acid residues, they exhibit pH optima spanning a remarkable range from approximately 2 to 11. While the presence of an aspartic acid or an asparagine residue at position 35 (BCX numbering) provides a clear division between those with``acidic'' (<5) or``alkaline'' (>5) optima, additional factors must also contribute to de®ning their pH-dependent activity pro®les. One trend, evident from Table 6, is that, for the acidic enzymes, the shorter the distance between the acid/base catalyst and the adjacent aspartic acid residue, the lower the pH optimum of the xylanase. It is plausible that this re¯ects increasingly stronger hydrogen bonding between these residues, which would correlate with a reduction in Asp 2.8
a Bacillus agaradhaerens xylanase (Xyl11) structure was solved at pH 5.0, PDB code 1QH7 (Sabini et al., 1999) . b Thermomyces lanuginosus xylanase structure was solved at pH 4.0, PDB code 1YNA (Gruber et al., 1998) . c Bacillus circulans xylanase (BCX) structure was solved at pH 7.5, PDB code 1XNB (Wakarchuk et al., 1994) . d Trichoderma reesei xylanase II (XYNII) structure was solved at pH 6.5, PDB code 1XYP (Torronen et al., 1994) . e Bacillus circulans xylanase variant N35D structure was solved at pH 7.5, PDB code 1C5H. f Trichoderma reesei xylanase I (XYNI) structure was solved at pH 8.0, PDB code 1XYN (Torronen & Rouvinen, 1995) . g Aspergillus niger xylanase I structure was solved at pH 4.7, PDB code 1UKR (Krengel & Dijkstra, 1996) . h Aspergillus kawachii xylanase C (XynC) structure was solved at pH 6.5, PDB code 1BK1 (Fushinobu et al., 1998) . i Theoretical pI was calculated using the``Compute pI/Mw tool'' resource located on the ExPASy server (Wilkins et al., 1998) . j Residue numbering and atom labelling is based on the sequence and structure of BCX. k Coordinates not released from the RCSB Protein Data Bank at time of publication. l Measured distances are based on a structure in which the acid/base catalyst, Glu178, is in an unfavorable conformation and points away from the nucleophile, Glu86 (Gruber et al., 1998). the pK a of the Asp and hence a shift in the acidic limb of the activity pro®le of these enzymes to lower pH values. It would be particularly interesting to extend this analysis to the measurement of the same distances in the glycosyl-enzyme intermediates of these xylanases to see if the stabilization of the``Asp-Glu'' general base is also correspondingly greater.
A second, albeit imperfect, trend seen in Table 6 is that naturally occuring acidic xylanases have low pI values, whereas alkaline xylanases tend to have high pI values. This is also somewhat counter-intuitive as, for example, a low pI indicates an excess of glutamic acid and aspartic acid residues, which by charge repulsion should disfavor low pK a values for the active-site catalytic groups. However, with further inspection, we see that xylanases with pH optima below $6 have theoretical pI values such that they should actually carry a net positive charge at their respective pH optima (e.g. pI >pH optimum). This may help lower the pK a values of the catalytic carboxylic acid side-chains, and thereby allow activity under acidic conditions. In contrast, the two xylanases with pH optima above $6 have pI values less than their pH optima, indicating that they will carry a net negative charge when maximally active. This may serve to elevate the pK a values of the catalytic glutamic acid residues, as required for activity under alkaline conditions. The qualitative nature of these arguments clearly highlights the need to experimentally and theoretically dissect the role of global and local electrostatic interactions in establishing the pK a values and hence pH optima of enzymes. In closing, we note that the observed trends in the pI values of the family 11 xylanases could simply re¯ect requirements for stability or solubility in the environmental conditions under which these enzymes have evolved to be active.
Comparison to other glycosidases
A similar triad of carboxylate groups, as present in N35D BCX or acidic xylanases, is seen in other glycosidases. However, in contrast to the family 11 xylanases, a negatively charged aspartic acid residue near the acid/base catalyst is proposed to raise the pH optimum (pH 6.0) (Knegtel et al., 1995) of cyclodextrin glycosyl transferases (CGTase) (Klein et al., 1992; Strokopytov et al., 1995) . In Bacillus circulans strain 251 CGTase, the nucleophile, Asp229, the acid/base catalyst, Glu257, and the aspartic acid group adjacent to it, Asp328, all occupy a geometrical arrangement very similar to that found in BCX. The interaction between these residues is strong in the unliganded structure (2.7 A Ê separation between Glu257 O e2 and Asp328 O d2 ) and weaker when the substrate is bound (3.6 A Ê ) . In their analysis of A. niger xylanase I, Krengel & Dijkstra (1996) suggest a reason for the opposite effect of a negatively charged aspartate near the acid/base catalyst in lowering the pH optimum of xylanases while raising it in the CGTases. Upon substrate binding, Asp328 moves to form a new hydrogen bond with the substrate instead of with Glu257. In this manner, the proton on Glu257 is available for catalysis at higher pH values because it is no longer bound by Asp328 (Krengel & Dijkstra, 1996) .
A similar arrangement of catalytic residues is observed in the a-amylases. Functioning at a neutral pH optimum, pig pancreatic a-amylase (PPA) (Qian et al., 1994) contains the three residues analogous to those found in both the CGTases and the acidic family 11 xylanases. In PPA, Glu233 is the proposed acid/ base catalyst, with Asp300 adjacent to it, while Asp197 functions as the nucleophile. Asp300 is fully conserved amongst a-amylases (Brayer et al., 1995) and, along with a chloride ion (Qian et al., 1994) that is situated 4.8 A Ê away from Glu233 in the unliganded structure (Machius et al., 1996) , is proposed to play a role in elevating the pK a of the acid/base catalyst (Glu233). In contrast to the family 11 xylanases, however, the distances between the acid/base catalyst and the adjacent aspartic acid residue are greater in the a-amylases, being 6.2 A Ê between Glu233 O e2 and Asp300 O d2 in PPA, and 3.9 A Ê in human pancreatic a-amylase (HPA) (Brayer et al., 1995) .
Distinct from PPA and HPA, the acidic a-amylase from A. niger exhibits maximal activity at pH $3-4, yet also contains an adjacent aspartic acid residue, Asp297, 3.8 A Ê away from the acid/base catalyst, Glu230 (Boel et al., 1990) . Interestingly, however, fungal a-amylases do not bind chloride ions in the active site, whereas animal a-amylases do (Brayer et al., 1995) . This may further implicate the evolutionary role of the negatively charged chloride ion in shifting the pH optimum of animal a-amylases to neutral pH by elevating the pK a of the acid/base catalyst. It remains to be seen, however, if the fungal a-amylases from A. niger use the same mechanism as the xylanases in lowering the pH optimum of the enzyme through an aspartic acid residue adjacent to the acid/base catalyst.
Conclusion
The residue at position 35 plays a signi®cant role in determining the pH optima of the family 11 xylanases. Using site-directed mutagenesis, we were able to con®rm what was known from nature and modify BCX, an``alkaline'' xylanase, to function under more acidic conditions without any reduction in its net activity. Counter-intuitively, the presence of an aspartic acid residue adjacent to the acid/base catalyst serves to lower the pH optimum of N35D BCX, instead of raising it as would be predicted from simple electrostatic considerations. Furthermore, we demonstrated with 13 C-NMR that Asp35 indeed elevates the pK a of the acid/base catalyst, Glu172, signi®cantly from 6.7 to 8.4.
To explain this paradox, we propose that N35D BCX, and by inference all``acidic'' family 11 xylanases, functions using a reverse protonation mechanism. In this catalytic scheme, Asp35 (pK a 3.7) and Glu172 act together to ful®l the role of the acid/base catalyst, donating a proton to the glycosidic oxygen atom, while Glu78 (pK a 5.7) still serves as the nucleophile. Only a small percentage of the enzyme ($1 %) is in the requisite ionization state at this optimal pH. However, this form functions as a highly effective catalyst, since a strong hydrogen bond, formed between Asp35 and Glu172 in the glycosyl-enzyme intermediate, substantially stabilizes the transition state for glycosyl transfer. The enzyme becomes inactive at higher pH, since loss of the second proton from the Asp35-Glu172 pair would remove this strong hydrogen bonding interaction and result in substantial charge repulsion between these active-site residues. This study highlights the complexity of possible electrostatic interactions within a protein and the diverse mechanisms by which the pH optima of enzymes can be set.
hydrolysis of the aryl b-xylobiosides were determined by monitoring the rate of phenol release at the appropriate wavelength in a continuous assay at 40 C. Enzyme concentrations and reaction times were chosen such that less than 10 % of the total substrate was hydrolyzed over the course of the measurement. In the case of PhX 2 , a stopped assay was used to measure enzymatic hydrolysis rates. After an appropriate time, 600 ml of 200 mM Na 3 PO 4 (pH 12.3) buffer was added to terminate the reaction. The absorbance of the released phenol was measured at 288 nm and corrected for both the spontaneous hydrolysis of PhX 2 and the background absorbance of the enzyme. All other conditions were identical with those listed above for assays containing the other aryl b-xylobiosides. Experimental rates measured at each given substrate concentration were ®tted to the standard Michaelis-Menten expression to determine the parameters k cat and K m . Values of k cat /K m were determined from the slope of a Lineweaver-Burke plot. Brùnsted plots (not shown) were constructed by plotting the log of the rate constant against the pK a of the leaving group, according to the Brùnsted equation. The Brùnsted coef®-cient, b 1 g , was obtained from the slope of the plot determined by a linear least-squares ®tting of the data using the program Gra®t (Leatherbarrow, 1998) .
Assays used to determine the pH-dependence of k cat / K m employed low concentrations of ONPX 2 substrate (0.35 mM), 50 mM NaCl, 0.1 % bovine serum albumin, and the appropriate buffer for a given pH range (pH 2-5: 20 mM succinate; pH 5-7: 20 mM Mes; pH 7-8: 20 mM Hepes; pH 8-11: 20 mM Ches). After 15 minutes preincubation at 25 C, the enzymatic reaction was initiated by addition of 10 ml of enzyme (3.0 Â 10 À3 mM ®nal) to 190 ml of the assay solution. Progress curves were followed by measuring the release of o-nitrophenolate at 400 nm versus time until at least 80 % substrate depletion was observed. The pH of each assay solution was measured after completion of the reaction. An aliquot of the assay mix was then re-assayed at pH 6.0 to con®rm the stability of the enzyme compared to an aliquot of unassayed enzyme that had not been exposed to assay conditions. Experimental data were ®tted to a pseudo®rst-order expression, which upon division by the enzyme concentration yielded k cat /K m values. This method obviated the need to correct for the variation of extinction coef®cient of ONPX 2 with pH and eliminated any errors associated with the determination of substrate concentrations. The k cat /K m data were then plotted as a function of pH and ®tted to a bell-shaped activity pro®le, described in equation (1), from which apparent pK a values were determined: Pre-steady-state kinetics
Pre-steady-state kinetic measurements were taken for mutant BCX proteins using a stopped-¯ow spectrophotometer (Olis RSM-1000) with a 2 cm path-length cell and a circulating waterbath, as described (Zechel et al., 1998) . The dead-time of the instrument is 2.5 ms. Data were collected at a rate of 1000 spectra/second over ten seconds. Assays consisted of various amounts of 2,5-DNPX 2 substrate (0.30 mM to 2.20 mM) and enzyme (1.0 Â 10 À3 mM to 2.0 Â 10 À3 mM) in 10 mM Mes (pH 6.0), 25 mM NaCl at 25 C. The limited solubility of 2,5-DNPX 2 under the conditions described precluded assays containing higher concentrations of substrate. Since no pre-steady-state burst was observed with N35D, N35D/E78Q or N35D/E172Q BCX, further data analysis was not necessary.
Kinetics of inhibition
Inhibition studies of N35D BCX were performed using previously described methods (Miao et al., 1994) . Enzyme (1.5 Â 10 À3 mM) was incubated at 40 C in a buffer (pH 4.1) containing 20 mM succinate, 50 mM NaCl and 0.1 % bovine serum albumin in the presence of DNP2FXb inhibitor at concentrations of 1.70 mM, 1.00 mM, 0.65 mM or 0.40 mM. A control in which no inhibitor was added was also performed. Residual enzymatic activity was determined by removing 5 ml aliquots of the reaction mixture at various times and assaying in a solution of 2.89 mM ONPX 2 in 20 mM Mes (pH 6.0), 20 mM NaCl, 0.1 % bovine serum albumin by monitoring the release of o-nitrophenolate at 400 nm. Pseudo®rst-order rate constants (k obs ) at each inhibitor concentration were determined by ®tting the residual activity (v/v o ) versus time data directly to a ®rst-order equation as described (Miao et al., 1994) . Values of k i (inhibition rate constant) and K i (dissociation constant for the inhibitor) were determined by ®tting values of k obs to equation (2). The second-order rate constant, k i /K i , was determined from the slope of a reciprocal plot:
NMR
All NMR spectra were recorded using a Varian Unity 2 spectrometer operating at 500 MHz for protons.
Titration curves
The [d-
13
C]Glu and -Gln-enriched N35D BCX protein was dialyzed or exchanged, using a microconcentration device, into 10 mM sodium phosphate, 10 % 2 H 2 O/90 % H 2 O, at pH* $6.0. The sample contained 1.20 mM of selectively labelled N35D BCX in a ®nal volume of 2.0 ml. One-dimensional 13 C-NMR spectra were recorded as a function of pH* at 25 C and processed as described (McIntosh et al., 1996) . Chemical shifts were referenced to an external sample of DSS at 0.00 ppm.
The 13 C-NMR spectra of [d-13 C]Glu and -Gln-enriched N35D BCX, covalently modi®ed with DNP2FXb, were recorded and processed as described above for the uninhibited protein. Solid DNP2FXb (2.00 mM ®nal) was added directly to the 13 C-labelled protein, initially at 1.20 mM in 2.0 ml of 10 mM sodium phosphate, 10 % 2 H 2 O/90 % H 2 O at pH* 6.21. The protein was completely modi®ed within 30 minutes, as judged by 13 C-NMR measurements, and was stable for the period over which the measurements were taken. The inhibition was con®rmed by mass spectrometry (observed 20,677(AE2) Da, expected 20,675 Da).
Titration curves were generated by recording 13 C-NMR spectra of [d-13 C]Glu and -Gln-labelled xylanases as a function of pH* at 25 C. Proteins were titrated
Low pH Optima in Family 11 Xylanases using microliter aliquots of either 0.25-0.50 M HCl or NaOH. The pH* of the sample was determined using a Corning G-P Micro Combo 2 electrode. After measuring the acidic limb of the titration curve, the protein was exchanged into neutral buffer, using a micro concentrating device, to remove any excess salt and to avoid aggregation resulting from the addition of a large quantity of base. Titration of the basic limb was then carried out in a manner similar to that used for the acidic limb. The sample was centrifuged periodically to remove any precipitate that formed during the titration. Individual d-carbon resonances of glutamate and glutamine sidechains of mutant xylanase proteins were assigned on the basis of previous analysis of the WT spectra (McIntosh et al., 1996; Plesniak et al., 1996b) . pK a values were determined by non-linear least-squares ®tting of the observed data to models involving one, two, or three sequential ionizations (equations (3)- (5)) (Shrager et al., 1972) using the program PlotData (TRIUMF, University of British Columbia). The inherent error of the pH measurements is estimated to be AE0.1 pH unit.
NMR-derived titration curves characterized by one, two, or three apparent pK a values are described by equation (3), (4), and (5) Selection of the appropriate model was based on the criterion of using the minimal number of ionization events to adequately ®t the observed titration data.
Deuterium isotope shifts
Deuterium isotope shifts of the [d-
13
C]Glu and -Gln side-chains of isotopically labelled N35D BCX were measured for both free and inhibited proteins. Spectra were recorded at 25 C and processed as described above. The initial sample conditions for the free protein were 10 mM sodium phosphate, 10 %molecules was assessed based on both hydrogen bonding potential to appropriate protein atoms and re®nement of a thermal factor of less than 75 A Ê 2 . The coordinate error estimated from a Luzzati plot (Luzzati, 1952) is 0.18 A Ê for N35D BCX and 0.19 A Ê for N35D-2FXb BCX. Structural illustrations using atomic coordinates were generated using the programs Bobscript (Kraulis, 1991) and Raster3D (Merrit & Murphy, 1994) .
Protein Data Bank accession codes
Atomic coordinates and related structure factors have been deposited in the RCSB Protein Data Bank (Bernstein et al., 1977) with identi®cation codes 1C5H for N35D BCX and 1C5I for N35D-2FXb BCX.
